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Introduction

* RF IC design is similar to analog => transistor sizing, biasing, feedback...
« Demand additional attention to passive networks design

Die photo of a 28-GHz 4-channel beamformer VCO of Tl's 77-GHz radar chip
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Introduction

o f-and f_., no longer benefit from technology scaling
e Same as RF power handling capability
 Until new technologies or packaging become available (e.g., GaN or InP on CMOS)
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Introduction

Functions to Achieve
e Impedance matchin

e Filtering

e \/oltage or current ¢ .. :

e Power C()mbining |ntUItlve + ngOrOUS End Goals :

. Ph it e Schematic
ase shifting . Layollt

* Harmonic shaping - e EM simulations
° ... Trade-offs (Design Constraints) . ...

e Size

 Passive efficiency (or
signal loss)

o Complexity




Introduction

e Circuilt Elements to Construct Passive Networks

Capacitor Inductor Transmission Line Transformer

N

e DC Isolation /

« Conversion between single-ended to differential
 Higher-order network in a reduced footprint




Introduction

e Lumped Circuit Model of On-chip Transformer

 k: magnetic coupling coefficient * L, =kL,, magnetization inductor
e n:turnratio * Cuar Coapp: parasitic capacitance

* L, =(1-k%)L,, leakage inductor

J. Long, “Monolithic Transformers for Silicon RF IC Design,” JSSC 2000.
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Outline A

 LNA with an Octave Bandwidth

= 2 Y. Hu and T. Chi, “A 27.5-46.2-GHz Broadband Low Noise Amplifier With IP3 Enhancement,” MWTL 2023.

\i/ Y. Hu and T. Chi, “A Systematic Approach to Designing Broadband Millimeter-Wave Cascode Common-
; \J - Source With Inductive Degeneration Low Noise Amplifiers,” T-CAS | 2023.

Yaolong Hu 10
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Octave-Bandwidth LNA

I o Full-band Coverage of 5G NR FR2
n258 n261 cc n260 n259
” « Inter-band carrier aggregation
 Global multi-standard coverage
T 96 416 Frequency  Agile frequency hopping

J«(&\  Wideband Wireless Sensing

I
|  Improved range resolution
I

<’
« Yom=Qo

| >|
Range Resolution =
c / (2 x Bandwidth)

11



Octave-Bandwidth LNA

n257 &
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Freq
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Octave-Bandwidth LNA

 Prevalent LNA Topology: Common Source with Inductive Degeneration

VDD * Equivalent circuit for input matching
LEc—
:--- -i OmiLs
Vin | Lg Cgs,tot—(Cgsl+Cex) Ls | Cgs,tot
— o—Lay—| T
_|+M2 : : \
I B
v o—TI—[ M, LC resonance ~500
L, f 1
res
27[\/Cgsltot + Ls)

B. Razavi, “RF Microelectronics”, Prentice Hall

|
l Parasitic

Codt .~ Capacitance

Lg
Vini:z& >
Ve ]

&

Cgs

* Cy1:Cyep ~ 1:2
 Cannot simply neglect Cat
at mmWave

13



Octave-Bandwidth LNA

 Prevalent LNA Topology: Common Source with Inductive Degeneration

Vo T — &1 Question: Can we turn a conventional CS with
d . . . . .
gdz:LJZ Inductive degeneration topology into a wideband
L1 . . .
. ?
IIIW?M design by properly designing component values
I
Cgszf__f Zcas v 104 — Transistor-Level Simulation w/ C
B2 ' ] ]
—1 : T— Predicted by Equ. (1) w/o C ]
. L __C S E o gd1i
V'”O—’Gb‘b‘—g —lgdll:l\/ll %I’ol % Lo ' Q O\\
Ver 'V —i— _lc q \;'10:
gL C ) 720 [~ -

30+ - - - - —
10 20 30 40 50 60 70
Frequency (GHz) 14



Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Re-Derive Equivalent Circuit for Input Matching

Imilcas +jwl, _|_gm1L

Cost Ls Imilcas 7 JwCgs1 (gs1

II “‘Hs : I" ijgsl CAS To1 + ](,UL + ZCAS

a =
Vin Lg ngl ZB _ 1 + 7 To1 +](1)L

|—C—— JwCgqr ~ "1y + jwLs + Zcys

aCys1  Lsla Zpla e transistor intrinsic parameters
— ) —C
2 ) Omi1» Cgsb ng1’ J and
7. = w LS + gmlLsrol/Cgsl — To1 +]st

A Zons + 101 + jolL, BT 7+ 1ol + jwl, Frequency Frequency
Independent dependent

o 15t path: same as conventional CS with inductive degeneration

e 2" path: modeling the feedforward current through Coat

« 3 path: scaled version of 15t path with complex coefficient a 15



Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Re-Derive Equivalent Circuit for Input Matching

Vo é Ly S11 4
Z
LILJ ~ T IT/ZLt
[ SEr: . mmm)  100dB-f----\--ooo--foeoe-
Zcas | o
et
AH Y G
Vin Lo ‘ g “ a, - FTEq
<\>/—fm\——| I:rol Lo
b | l:l N
Cgsl%LS Ce 1 ZCAS - Im2 T 1+gm2To2
| ) a=f (gm1’ Cgsb ngl’ rol’
Key idea: leverage frequency dependence of Zq¢ Frequency
= Zc,s behaves as high impedance at w, but low impedance at w, dependent

—> optimize two S, resonances sequentially 16



Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Flowchart

e Parameters to be determined

Vb
%Ld
—~
[ (wi), g B =
T |

ng |_ \7b—|
(WL)1| gLo

.I
Lo Ce

Vb Cgst

/ Specify wi, wx, and DC power budget for the LNA /

}

Step 1: Simulate NFmin and fmax vSs. IJo — Jp opt
DC power budget — Determine (W/L)1 — gmi, Cgst, Cga1, and roz are

therefore decided

Step 2: Synthesize high-frequency Si: resonance — Determine (W/L),,

gm2, Lg, and Ls

Step 3: Synthesize low-frequency Si: resonance — Determine Lq, Lo,
and Cc

Y. Hu and T. Chi, “A Systematic Approach to Designing Broadband Millimeter-Wave Cascode

Common-Source With Inductive Degeneration Low Noise Amplifiers,” T-CAS | 2023.
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Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Flowchart

e Parameters to be determined

Vb

—[

€

ngl
Vin ': :: |
Vb Cgsl

/
l

Step 1: Simulate NFmin and fmax vS. Jo — Jp opt
DC power budget — Determine (W/L)1 — gmi1, Cgst, Cga1, and roy are

therefore decided

}

18




Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Procedure

Step 1: Simulated NF;, and .., vs. Jp + DC power budget = J; ,, and (W/L),
2 Om1» Cys1r Cyars @nd 1, are therefore determined

\
2.3 ]\\ s 290 Design Example in GlobalFoundries 45-nm
’\:l » [
2.0 \& /,/ 200 CMOS SOl
' P Jp,opt = 0-2 MA/IM
= = —_* 11 mADC current budget = choose W =55 um
£1.0 S ) ———100 &
LL | *ll i Y
= ° = = =
05 V. atoseH —t |50 O = 63.5mS, Cygy =38 1F, Cyyy =20 fF 1y
—NF __at 40GHz -
0.0 — — 0

0.0 0.1 0.2 0.3 0.4
Current Density J_ (mA/um)

=84 Q)

19



Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Flowchart

e Parameters to be determined

Vb % / /
— ik :
‘ ' - out
_ll:(W/L)2 g E-Il' I Vou
—l l; Step 2: Synthesize high-frequency Si: resonance — Determine (W/L),
ngl Vb g Ome, Lg, and Ls
L |
Vin (W/L)l é_{ l
Vb Cgsl L -I E‘L
S =
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Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Procedure

Step 2: Z,, Is low impedance at wy =2 Zcag = —and a ~

T IT/OJ’
—||:(W/L)2 SEr:
o

Vb

2
L
S [ (wiL): é{
Vb C_glsl L 1

Already determined in step 1

/

m1Cgdi
g 92 lat wy,
Im2 Imz2lgs1
X ‘a\e Ls gmlLs
GO“SO\C\ngd ‘0(3“0‘(\ Vi, L (14a)Cos1 1+a (1+a)Cyst
Cgst  Ls gmls/C 1\5\3“/ o000 7000 ——wWv—r
gs s Umiks/ Lgs
I T—W— —] |
CI ) ngl
gdl
¢
' L l Ignore 2 branch
aCys1  Ls/a OmiLs / (aCys1)
— b oo
1 —u ' TN guile
v 1 Lo (MG Tag 1 Tra)Cy
o—HP— —— T

———————————————

e Merge 1%tand 3" branches, and ignore 2" branch to gain design intuition

21



Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Procedure: simplified approach

C
a:gml gdl 400 - — . —
ST TTTTTTTTT Lo Omils Im2Cgs1 Simulation Condition:
L (M)l g N (fe)Cyn 1 ./ 2n=41GHz
' g 000 T | 300-
\

9,,=635mS,C =38 fF and Cp =20 fF

———————————————

|m{Zm} ~ O at wH

Inductanlc\:)e (pH)
3
\\.
&

v g,,=60ms, Lg=224 pH, L =46 pH
Re{Z } ~50 Qat w 100 |
In H \Ls . /
» 3variables (L, Ly, and g,,,) and two 0! i
equations => a family of solutions 10 35 60 85 110
Oy, (MS)

Design Example in GlobalFoundries 45-nm CMOS
SOI, assuming wy ~ 21 x 41 GHz



Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Flowchart

e Parameters to be determined

Vob % Ly / /
—he ‘
‘ ' - out
[y | 8Bz
ngl \;l l;
Vin Lg g l
(W/L)1 Lo Step 3: Synthesize low-frequency Su resonance — Determine Lq , Lb,
| . and Cc
Vb CgS]- L Cec
S =

23



Im{Zy;} ~ Ly, Ly Co) at wy

Re{Zi,} ~ (L, Ly, Co) at wy

1500

1200

(o}
-
o

600

Inductance (pH)

300

|
—— L
R —o—L —-
\ Ce=501fF, La=363pH, Lp =200 pH |
/f

!y
%z:ﬂ_.,..
1 T 1

0 25 75 100

50
C. (fF)

e 3variables (L, L,,C,) two equations

—> a family of solutions

24



Octave-Bandwidth LNA: Dual-Resonant Input Matching

* Design Flow Chart

/ Specify w, wx, and DC power budget for the LNA /

|

Step 1: Simulate NFmin and fmax vS. Jo — Jb,opt
DC power budget — Determine (W/L)1 — Omz1, Cgs1, Cga1, and ro1 are

therefore decided

Step 2: Synthesize high-frequency Su resonance — Determine (W/L)z,

Om2, Lg, and Ls
|

Step 3: Synthesize low-frequency Si: resonance — Determine Lg, Lb,

and C.

10 20 30 40 50 60 70

T'ran-sist'or-llevél Si-mullati(-)n \;v/ (fg dl.'
— Predicted by Equ. (1) w/o Coat ',

V/’\//

Frequency (GHz)

25



Octave-Bandwidth LNA: Measurement Results

4

0.7 mm

Y. Hu and T. Chi, “A 27.5-46.2-GHz Broadband Low
Noise Amplifier With Py Enhancement,” MWTL 2023.

Differential Output
Single-Ended Input

Single-Ended Input

PERFORMANCE COMPARISON WITH STATE-OF-THE-ART BROADBAND MMWAVE LNAS

BW" 3-dB BW Peak Gain NF 11P; IPyge Ppc Core Size *%
Reference (GH2) (GHz) (dB) dB) @Bm) | (dBm) | (mW) (mm?) FoM Technology
a a a2 A E da
This Work | 27.5-46.2 jg:i’jgjb ;gﬁb 2.1-4.4 :ﬁ:gh :};jb ,igj,} 0.35 18%188?’ 45-nm CMOS SOI
TCAS-I 2020 [5] 26.3-47 22-47 22.2 3.0-43 -13.8 -22.6 9.5 0.13 430 0.13-pum Si1Ge
JSSC 2021 [6] 22.9-38.2 | 22.9-382 14.5 2.6-4.6 3.6 -13.2 18.9 0.16 400 28-nm CMOS
MWCL 2022 [7] 2044 18—44 19.5 2.6-3.5 | -8.917 -18.5 17 0.16 667 65-nm CMOS
MWCL 2022 [8] 21.4-41.1 21.3-41.1 20.3 2.9-3.6 -6.177 -15.7 27.5 0.13 669 28-nm FDSOI
TCAS-I 2023 [9] 2746 25.5-50 21.2 2442 9.5 -17.4 255 0.38 424 45-nm CMOS SOI
" Intersection of 3-dB gain BW and 10-dB return loss BW. TT Estimated using 1P g + 9.6 dB.
“ PMOS Mg ir31 saturatialll and NMOS M5 in triode. b PMOS M; in triode and NMOS M3 in saturation.
TFoM = mP;zF;ﬂ,ﬁ]&BF% L1 (Ei’ii]}i?ﬁ,é;m;v] , fe is the geometric mean, peak gain and minimum NF are taken in FoM calculation.

26
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Outline

« Doherty PA with Efficiency Enhancement up to 12-dB Back-off

X. Zhang, H. Guo, and T. Chi, “A 47GHz 4-way Doherty PA with 23.7dBm P1dB and 21.7% / 13.1% PAE
at 6 / 12dB Back-off Supporting 2000MHz 5G NR 64-QAM OFDM,” ISSCC 2024.

Xiaohan Zhang 21
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Doherty PA: Introduction

 Spectrally efficient modulations (QAM), OFDM, and carrier aggregation (CA)
-> high peak-to-average power ratio (PAPR)

DEpeax = 78.5%%

80% , 7’)80% f=
FJ N S p... . PAPR
: DF of OFDM, PAPR:12d|y O (@ avg '
—
2 60% | 60% < JE— SAT
k= | = ===
£ 40% i / 40% 0 — P1d
.% 2dB:%DEPEAK : —Ih——____l__-_-'.-__-__ -
S 20% ' 20% e
. ———
| | transient power
0% 0%

-25 -20 -15 -10 -9 0 Output power

Normalized output power (dBm)

e Compared to Ps,r and PAEqa«, PAEgack orr @Nd linearity (P45 @and

AM-PM) are more relevant metrics for communication PAS .



b))
Doherty PA Fundamentals
Main amp Aux amp
(current source) (voltage source)
\ - 7 , /
')
W ¢
Fig. 2—Insertion of a hypothetical source of additional voltage.
| o
TUBE 1 2m FE;EE;%%:E—E TUBE 2
Fig. 3—-—Fuﬁdamental form of a high efficiency circuit.
@ @ ? %ZL
2R mp - " Series Doherty
Aux
N4 R | £ q
I '’ '\_/ ’

W. Doherty, “A New High Efficiency Power Amplifier for Modulated Waves,” Proceedings of IRE,1936.
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Doherty PA Fundamentals A
Main amp Aux amp
(current{o‘urce) (voltage source)
gy
Fig. 2—Insertion (}fl a hypothetical source of additional voltage.
TUBE 1 ,\vﬁ:\[ IMPEQN:ICE TUBE 2 TUBE | - ) TUBE 2
@E s (ﬁ\_— N | % R
. '“_l' " E3
Fig. 3—Fuﬁdamenta1 form of a high efficiency circuit. Fig. 4—Second fundamental form of high efficiency circuit.
Main
N4 | 27, %ZL
Parallel Doherty NG +
30

W. Doherty, “A New High Efficiency Power Amplifier for Modulated Waves,” Proceedings of IRE,1936.
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47,
27,

Doherty PA Fundamentals

 Parallel Doherty

o

Main
N4 | 27, ?ZL

-

s
T

6 0dB
Back-off

Key ingredients:

 Doherty network implementation: desired load modulation yet low loss

| Nmax

6 0dB
Back-off

 Series Doherty

ZL
0.57,

6 0dB
Back-off

Aux - |
N4 ,0.5Z,

| | Nmax -
| %‘_:
— Main

6 0dB
Back-off

« Co-operation between Main and Aux: adaptive biasing




Extending Two-Way Doherty to N Ways

Series n::c:lml:? ner ° Three-way DOherty
Tline Tline '
Main Main Main ; Tline
1 1 Main
: + 1
Tline |
Peak 1 | Peak 1 Peak 1 | '

J5> Ji/ | . Tline
Rour = S.C. i R MF'“ |
N 'Peak 1 =

= = i
Rouf!

iFe?h 1:@> :
Series combiner 'Peak 2 :

Two-way parallel sub-Doh Erij.'

-

Rant

N-way Doherty network

. . ] 1T m
KEL- LR
X. Zhang, H. Guo, and T. Chi, “A Millimeter-Wave Four-Way Doherty Power

Amplifier with Over-GHz Modulation Bandwidth,” JSSC (under review) - Adaptive biasing circuit

32



Four-Way Doherty PA

Output currents Output voltages
2-way Doherty 4-way Doherty |max‘ Vinax|
3-way Doherty Ideal class-B
80% . 80% «
| < / \1\'3‘ ™~
PDF of OFDM, PAPR=12dB e Q@*’ qé,‘t*’“ f
>60% | 60% 0 11 5 1
c 43 8
'S Normalized Vi, Normalized Vi,
S 40% ] ' avg. efi140% Active load modulation  Drain efficiency
- 4
§ DEII'IEK
O 20%F -wa?/ av(g. eff. 20%
0% - l 0% 0 114 5 1
-25 20 -15 -10 -9 0 43 8
Normalized output power (dBm) Normalized Vin

33



N-Way Doherty PA: Transformer-Based Network

 Existing N-way Doherty networks require at least N transformers

km % km,l
k’r_n‘l E "’\1 / %"g %RANT
:If PAp 1 Tlg‘n;,z—| i
km 2 ) km 2 I I_ . g
| PAes % T %_ Rant km =
PAR % _I_ %RANT Kms - §
- T - 4 I_ PAp 3 Tkm,4_| -
1 1
2-way Doherty with 3-way Doherty with 4-way Doherty with
2 transformers 3 transformers 4 transformers
[S. Hu, JSSC'19] [A. Kumaran, RFIC'23] [M. Mortazavi, JSSC'22]
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N-Way Doherty Network Synthesis Flow

[ ——m—— — mmmmm = —— I
! Tline 1 I !
: % - ; |
I / = = I :
| |
I I
I I

K K
.". .r‘.
] I
Tline2 Tline 31 é éé é
% | S %
L

2 transformers

| Tline4 Tline5' f "

I PAP,Z R-L PAP,Z .".
I

I

I

I

[

I

[

' |

' |

\ ' |

' |

PA i |

} N | PAps 1 transformer

I 2-way sub-Doherty |

X. Zhang, H. Guo, and T. Chi, “A 47GHz 4-way Doherty PA with 23.7dBm P1dB and 21.7% / 13.1% PAE
at 6 / 12dB Back-off Supporting 2000MHz 5G NR 64-QAM OFDM,” ISSCC 2024.
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N-Way Doherty Network Synthesis Flow

o Step 1:insert 3 ideal transformers

Conventional Tline-based 4-way Doherty

% iline (2 T)Iine % Step 1 %
O '

| L L]X 1 P =4 gg"[ :

Pos g poeg] >y |
Pl Re i 1% gns| Rant=50Q
I - - - 1 - - - -

I | — =

:% : %

! |

\ P.3
2-way sub-Doherty /
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o Step 2: replace Tlines with 1 network

|deal transformers

®

<<<rl__.ﬁ
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“nn g m

gt e 05
S0 e T N
— I S ou Tl

HEw i HEe [2
RS Im_@_ <000
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N-Way Doherty Network Synthesis Flow

« Step 3: re-arrange components marked in colors

| % 0" $
/ EI o1 %. 1% i / % % l% N1 %
/ EI Zo2 Ii %% i%zog%i < Step 3 / I % %_ T B
>‘IW“ e 3 O " b
EIZM il% %m i Zos%i Rant=50Q /% 1% N Ran=500
= 1 = - = % = =
/
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o Step 4: consolidate into 3 physical transformers

Physical transformers
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N-Way Doherty Network Synthesis Flow

 Step 5: convert to differential

)fPhysical transformers ~ -~ .k}

\

k | L "1
% I 1% %m i‘> cT ‘88" O
>k ! Steps | o=g L1 ST MR
% J_ 1% %nz J_ 11 Pl CZT $ é —l—CPl I?l %
o 1 ,/ 1k _ ks | Rar=500

k3 ™ :J—‘ 1 1$ éns' Co
/ T 1% %m Rant=50Q P Cs[ |

1 ~ |

% PAN CJ—
/ 1l

.||_| |_
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N-Way Doherty Network Synthesis Flow

Ropt
~_ -~ ki
PAM I|C: Ilg énl ::CM
I .
= i o 4-way Doherty with only 3 transformers
N | k2 . . .
PAS L |1$ énz Le.[ col B * Interface with differential power cells
| CoT'! T :
= | |  |Impedance transformation from Ryr t0 Ropr
~ | ks Rant=50Q . _ N
| C::i 1$ ém' Co, * Absorb transistor device parasitic Cpg,
L3 |
L
| i
PR :I
L~ L — —

\ Absorb Cpgy
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N-Way Doherty Network Synthesis Flow: Design Space

A
o)
S
_'

4

BE

I o =1
Pl
1 wZot | wni T wns 2Zm
= = I ) -~ 1
Ropr L
o T B
/ | Com—— L 203205 ? 1? np| L 4
cher wn2A(Zos+Z0s) 71 Iwnzzzaz “%
\ROPT 204 1 J_.
s ,%\ k=1 e Rant
|1 1 Z05 1 N3 Cu= 1
C?le wn32 “wn3os

- QLoadpuII -

= WRpCpry = cOnstant for given
technology and frequency

C, -C, fully absorb Cppy:

Cpev £ C1 = QLoadpull S ﬂll Ropr
2RANT

Coev £ C2 = QLoadpull S 2n2\,2ROPTRANT

Coev £ C3 = Qroadpull £ N3

1
Coev € Cs4 = Qroadpu S N3
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380pm

RISl Design Theo. | EM
Design ; :
Equation Value | Sim.
RFout Parameter
[ Zo3
ka VZ0o3+2n1W2RopTRANT 044 045
n;' kiny 0.92 0.95
Zo3
L1 wn12K;2 197pH | 169pH
[ 1
ke V1+2n20+3/42Ropt/Rant) 040 042
ny' kana 0.60 0.64
o 7
o 03
L, wN22k22A+413 R ant/2Rop1) 190pH | 175pH
Zo3
ks »l Zos+413n3(2RopTRANT 0651 058
ns' Ksns 0.65 0.71
Ls 3/4Z0sl2RoprRant | 278pH | 221pH
wn32k32
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EM-Simulated Doherty Load Modulation AN

re(PAw) re(PAr1) re(PAr) re(PAps)
====im(PAuv) ====im(PAp1) iIM(PAp2)= === im(PAps)
200 . . 80% — . . .
Simulated @ 46GHz \ . Simulated @ 46GHz(72.4% (:/.4dB loss)
0
__150 \ )
= \ 5 70%] O
@ \ S 66.7% (1.76dB loss) /~ TN
S 100 D 5%
S | 700(382%Rop \ 2
i< \\ - B 60%
. 55%
) ittt ettt i - N 0
-25 -20 -15 -10 -9 >0 /?25 -20 -15 -10 -5 0
Normalized output power (dBm) Normalized output power (dBm)
e Low loss due to reduced number
of transformers
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Four-Way Doherty PA: Top-Level Schematic

DRV s Lateral view of Cascode PA
— top metals 63F 30pm
RFout i —0 1 X
SH I B
1.3V
213um|[ ™"
|
= | D2 I £ % 213pm
- | 0 X
e + L, T
36 QELESEL
%on 9007 0.27V = L * * T 59/Q hybrid
- = -
>< S Adaptive ><_
[ o biasing | [ %
I/Q hybrid -90° 5007
T + X v T
& QEECEL
[ N ) - [ N J
A\ A _
AQap.tlve - 380pm > Ac_iap_tlve
biasing ; biasing
Wilkinson
divider

x RFin
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Adaptive Biasing Circuit

Biasing
- Envelope Voltage Vag
R% \'N = detector =Dour Buffer X
VU\ W = " N
t 2nd stage '
/| 17stage £ velope J Bias

 Two stages: envelope detector (ED) + buffer
« ED: extract signal envelope
o Buffer: drive large parasitic capacitance of power cells
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Envelope Detector (ED)

Balun

Cep + Cprv

L

ek

DO

:

loss and narrower BW

® Fundamental leakage rejection

® Large Cept Cpry = ~1dB extra balun

Balun

Corv

15k

DRV

®
&

% |

® Naturally absorb Cgy at balun input

® Severe fundamental leakage at ED
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Single-Ended ED with a Notch Filter

Cbrv 10
Balun
& o o L a Om—.-.._ —
— DRV e —= }\
T 'g -10 .
- $ 20 \ /
% Notch filt sc’>_’ ----- w/o filter Notch @ 46GH\Z‘ BPAxpafies'zf;g-:sfjjna-P—A—i
otch filter EDout § -30 H—— w filter i |
Ls> for Vs, DRVE
= Frequency (GHz)

® Naturally absorb Ccy at balun input
® Fundamental leakage rejection by notch filter

® Fit L, into existing routing space between ED and buffer
—> negligible area overhead

167pm

e
L8 B 5 5 5 5 5 5}




Shunt Peaking to Increase Buffer Bandwidth
Vb = " Design choice 12 ' '
@ ngm -0 |——— OFDM envelope
‘E 0] ol D.VV = 0.9
Ley 8 extension %06 /\ N
g S, NRVAYAR
ﬁ — Ls2=0 §= o N\/ v v v\/
% Rs V @ 15}k | Ls>=350p §=0.99 0.0
AB = Ls2=700p §=0.70 04
EDout 2 E.20} Ls, =1050p §=0.57 " Gate biasing for PA stage (Peak 1), Ls = 700pH
L S Lsz:14f)0p §=0.49 \ 03 j
X | PA ] o — Small sianal :
" b1 1 10 M Sl s ALINANS A
1L L Frequency (GHz) < " Llarge signal =~
- - 0.1 400MHz =———1200MHz =——2000MHz
0.0 —80(I)|\/|HZ I—lGOOMIHZ \:BZOOMHZ
0 5 10 15 20 25
Time (ns x 400MHz/BW)

e L,=700p (¢=0.7) = 87% BW extension

 Simulated transient waveform of V,5 under 400-3200MHz OFDM modulation - error

remains small up to 2000MHz BW
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47-GHz Four-Way Doherty PA: Measurement Results

P1gg = 23.7dBm

30 \G. 36%

—O—Gair; (meas.)—IO—DE (melas.) 21.7% | L/ 26.8%
====Gain (sim.) ====DE (sim.) : 4 A 200
25 —A—PAE (meas.)- - - ~Ideal class-B ol 30%
(

1L

& (o) 7
e . 7l ,A¢

=2 | S 20 PAE (sim.) = o AT S 24% -
o 5 o <>-.<>=<>.®r.<>-.<>:<2'<.>'<.>'9's>s>s> @9°f9' “o070:0d, =
i S 15 J BERAI= 18%.9
e . 13 1% 0. AL 1. X | & 0 E)
E D - 'Q'A’ l P e . —
2 35 < bdB L
& Vliamem] &% . I

i ) @’Sﬁ ;LZ'OX 1208 e

* GlobalFoundries 45nm CMOS SOl process e |
e = & 0%

* Active area: 1.4 x 0.58 mm# = 0.81 mm? 0 5 10 15 20 2
Output power (dBm) Psar = 24dBm
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47-GHz Four-Way Doherty PA: Measurement Results

800MHz 5G NR FR2 1-CC 64-QAM OFDM Signal
-« [GcC summary | - x

TAE Min 0Os
TAEMax Os

Channel Rel. Center Clock
cc T T ek SE Freq Emor jo - lcaliD

Freq.
dBm) (@) |9B)  fee0) gy Hz) (ppm)

CCO(Ref) -1.07 0.00| -25.06 0 3G -5.87627k -0.0418 0

PAPR = 9.8dB
EVMims = =25.1dB
Pavg = 14.1dBm
PAEay = 13.8%
ACLR = =28.7dBc

Guardband = 42.64MHz based on 3GPP standard =
Occupied BW = 800M = 2 x 42.64MHz = 714.72MHz

Ref Value

CCCCC

-3.50 dBm
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47-GHz Four-Way Doherty PA: Measurement Results

2000MHz 5G NR FR2 1-CC 64-QAM OFDM Signal

A: OFDM Meas: All Layers [elas y |
TAEMin Os
TAE Max Os
Channel Rel. Center Clock
cc Feme [P (E;B';' (T;Ec) e (FH":‘;'E""' Eror  CellID
(dBm) (dB) (Hz) (ppm)
CCO(Ref) -108  0.00| -25.00 0 3G -5.38307k -0.0410

PAPR =9.8dB
EVMims = -25.0dB
Pavg = 14.1dBM
PAEayg = 13.7%
ACLR =-30.5dBc

Guardband = 147.04MHz based on 3GPP standard =
Occupied BW = 2000M = 2 x 147.04MHz = 1705.92MHz

Scale/Div 10.0 0B Ref Value -3.50 dBm
Log

15728 | Center

Sweep Time 3.08 s (1001 pt=)

 High-speed envelope tracking capability = 1st silicon PA demonstration of 2000MHz channel
BW for 5G NR OFDM along with back-off efficiency enhancement up to 12dB back-off.
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47-GHz Four-Way Doherty PA: Performance Comparison

TP - M. Mortazavi E. Liu A. Kumaran X. Zhan Z. Ma T. Huan
Specifications This Work 355C22 RFIC'23 RFIC'23 155023 1SSCC'22 Ry
Aroprtanity Transformer-based Digital polar + | Coupler-based Balun-first Cciléggeedalg_(\j,\llj;:;or Trarng;ggwer- cgag;[:err]fjboaise- q
4-way Doherty 4-way Doherty | 4-way Doherty | 3-way Doherty Doherty 3-way Doherty | 2-way Doherty
Supply (V) 2 (PA), 1 (DRV) 1 (PA) 2 (PA), 1 (DRV) |1.1 (PAand DRV)|[1.8 (PA), 1 (DRV) |2.4 (PA), 1.2 (DRV)[ 2 (PA), 1 (DRV)
Frequency (GHz) 47 29.5 40 26 38 28 475
Gain (dB) 17.1 N/A 11.8 20 15 16.1 12.5*
Psar (dBm) : 18.7 22.7 : 18.9 21.7
P14s (dBm) : N/A 22.5 18.4 20.9
PAEpeak : 24% | 36%" 26.2%* : 23.3% 26.7%
PAE @ Pids : N/A 26.2% 23.0% 26%
PAEsds : 15% / 33%? 20.6%* : 17.1% 18.8%
PAE12d8 : 10% / 22%t 10.9%* : 10.2%* 10.5%*
Normalized PAEpeak* 2% A9./% [ 714.5% 063.6% 46.2% 0.6% 2% 2%
Normalized PAEgqg* 62.7% 31.1%/ 68.3%" 50.0% 24.2% 41.5% 42.2% 54.3%
Normalized PAE12q5* 37.9% 20.7% [ 45.5%" 26.4% 8.7% 24.8% 29.4% 30.3%
Technology 45nm CMOS SOI 40nm CMOS | 45nm CMOS SOI|  40nm CMOS  [45nm CMOS SOI| 55nm CMOS  |45nm CMOS SOI
* Graphically estimated fLast-stage drain efficiency
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47-GHz Four-Way Doherty PA: Performance Comparison

2-way 2-way 2-way 3-way 3-way 3-way 4-way 4-way 4-way
Doherty  Doherty Doherty  Doherty Doherty Doherty Doherty Doherty  Doherty

100% _
® Normalized PAEpeak
L 80%fE - = . _’,;\+ 77.5% Normalized PAEsds
E | \‘ A Normalized PAE1248
|
S 60% - 3--——ve-
= T i L
(qv} \
E a0k S W r 3%
o ]
2 | 125xf . [ 9
A
20% + A
0% Y 4 @y @y + B0 T, % Y %5
4 (y Ve 7 o
2y 4 T, o, TS % b, 4%, €%, %
B, O Wy C Y, o M Co, Ry % o %2 4, %
‘95’/,3 X 00@ N4 %, ‘9/& < ?9/6’ Q’% %1, < 0@ %
, -
%, % % 4 < %

» Normalized PAE = measured PAE / highest PAE.., reported at each PA's operating frequency

 Normalized PAEPEAK = 26.8%/34.6% = 77.5% In our work
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47-GHz Four-Way Doherty PA: Performance Comparison

gl

ph

Specifications

Architecture

Tr

Supply (V)

Frequency (GHz)

Psat (dBm)

P14g (dBm)

Modulation
Scheme

Modulation BW (Hz)

Pavg (dBm) 14,
PAEay 13.¢
Normalized PAEayg* 39.¢
EVMms (dB) =28
DPD
Core Area (mm?)

* Graphically estimated

60% JSSC,24 1 1 1 |
OF_ Liu[32]
_50%r- -
‘ LE“ JSSC'22 JSSC’22 This work
0 ortazavi .Pa -
S g i, i *
O N. Mannem [26]
E 0% o ° RFIC23 & ]
© A.K [33] Q
‘ % 20% o umaran
=
10%}- .
OUA’ 1 1 1 1
0 500 1000 1500 2000

BWmod under OFDM-based signals (MHz)

T. Huang
ISSCC’21

ty

Continuous-
coupler-based
2-way Doherty

RV

~—"

2 (PA), 1 (DRV)

47.5

21.7

20.9

5G NR 1-CC
64-QAM OFDM

200M
9.64

7.4

7.8%

22.5%

=25.2

No

0.62
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Outline A

e 100-GHz LO Generator with >190 dBc/Hz FoM

':'“"'I H. Guo and T. Chi, “An 86.5-105.6GHz LO Generator with Cascaded Implicit Frequency Quintupling and

"* /' Tripling Achieving -107.7dBc/Hz Phase Noise and 191. 2dBc/Hz FoM at 1MHz Offset,” CICC 2023.

Hao Guo 56
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LO Generator Figure of Merit (FOM)

FoM = |PN] + 20log,4(f,/Af) - 10l0g,,(Pp/1mW)
FoM; = FoM + 20log10(TR/10)

200

This work e FoM remains flat to ~7 GHz
e Then decreases by ~20 dB/dec

e Best achievable FoM is 180
dBc/Hz at 100+ GHz

180

FoM at 1MHz Offset (dBc/Hz)

O ISSCC/JSSC 2013-2023

0 20 40 60 80 100 120

Frequency (GHz) -



LO Generator Solutions at 100+ GHz

- = VCO Buffer
e
-l —
= o
E E
X| Require W-band VCO x| Require mmW VCO
= FoMi!, TRIL - FoM{, TRY

x| May require a mmW divider x| Strong Vp s compromises FoM = FolM{
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Proposed Frequency Plan for 100+ GHz LO Generator

Buffer ILO Buffer

.g
O
=
i
2
four = 13fo
Poc o), * Poc aute
FoMvco ) - 10logro(1 + ocio} + Poceuter) ) = FoMoveran |

Poc,vco

VCO ™ Implicit harmonic extraction without FoM degradation = FoMycoT, 5%f;
ILO B Extended locking range = Robust locking, Poc guser

M Enhanced 3¢ harmonic through 24 harmonic control = Poc giser

H. Guo and T. Chi, “An 86.5-105.6GHz LO Generator with Cascaded Implicit Frequency Quintupling and
Tripling Achieving -107.7dBc/Hz Phase Noise and 191. 2dBc/Hz FoM at 1MHz Offset,” CICC 2023. 59
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https://ieeexplore.ieee.org/document/10121289
https://ieeexplore.ieee.org/document/10121289
https://ieeexplore.ieee.org/document/10121289
https://ieeexplore.ieee.org/document/10121289
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Fundamental Oscillator Design at 7 GHz

A f focm  foome — ZH,0M
Output port for implicit 5f; extraction b .1 . M
*+ CH = CH + ﬁ
—— S
@
£
Lp =
n
f . - 5fo
\ 00 FoM optimization = fopmz < 3f; Implicit 5-harmonic extraction = fion = 5f

il oz

41um x 43 pm

» Coupled Ly and L; = voltage gain fromD to G
—> boost effective g, = improve PN

L, designed to achieve high impedance at 2f,
—> improve PN and reduce 1/f PN corner

* L, achieves implicit 5f, harmonic extraction

8 -
_£:||— Co —||'1

Schematic

Fundamental output, coupled to another core
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Conventional Injection Locking Oscillator (ILO)

. IT1 = losc + ling
Schematic s
Vbb 0;

: losc
LpS ELo Compensated by :
1 draintank  :
v ; Y : -»--¢- Narrow LR

INJP INJN — .

= D g > 100 5

'l' § 50 B
% 0
* Key to increase locking range: % -50
Increase effective |, & -100

10 20 30 40 50
Frequency (GHz)

B. Razavi, “A Study of Injection Locking and Pulling in Oscillators,” JSSC 2004. 61



https://ieeexplore.ieee.org/document/1327738

Proposed Gate Injection Scheme Using a Transformer

Schematic Modeling
\=/2c=; transformer using [Z]
Vo | T
Kb | |

.lffG,P _LG_ [ZDD Zog | |
Lcg, » VA WA
= +— Vour | Vo| |Zop Zos| |ip
Dl BHE Vo| |Zep Zos|” |i
T H= Vinge Vingy BH ? VIN \_ ° oD 68 ° J

 Current gain from gate to drain = 1, IS boosted by a factor of A, = Z/Zqp

1] o ]
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Proposed Gate Injection Scheme Using a Transformer

-P--¢- Narrow LR
Phasor diagram — 100 Extended LR -»-==10m-------

10 20 30 40
Frequency (GHz)

©) Effective |, boosted by Z../Z., = Extended locking range
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Locking Range Comparison

E 300¢

S

g 200

c_>3 Reduced Ving swing

< 100 - 2" Yy § =

o . . .

§ Proposed .Y Conventional
— 0 "o

= 5 30 T 70

Frequency (GHz)
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100-GHz LO Generator: Measurement Results

1 Graph '| Carrier Power -4.52dBm = __.-e---"777TTCC {Ml;g_rb‘d-ﬁﬁé-i
IS_cale.*Div 10.000 dB Ref Value -50.00 dBc/Hz p 1 <119.70 dBc/Hz:
= X R kIt PNt ddéddd T og — T T T T — T T T T T —— T
ot 7 . CH -119.7dBc/Hz PN at 1MHz offset for the +4 output (23.4GHz) -2
: |, -119.7 + 20loguo(4) = -107.7dBc/Hz PN at 1MHz offset for the 93.6GHz
0. el
s /’3"’4//@;;,:‘;’:.__- Lp qunerator output, FOM = 191.2dBc/Hz, FoMt = 197.1dBc/Hz
. I R ~3é\~' .......
-90.0 mg/d&eé&;»::: )
100 \"‘**..—_—_.
spsereedreeemane | T
. 110 P e
GlobalFoundries 22nm . 1 N Cormer: 2 [T e, =
; J— 1/'?2;;:.__. .......
CMOS SOl o 380kHz legiop. 20 g 7 |
decade <
140
Start Offset 10.0 kHz Stop Offset 10.0 MHz
3 Marker Table Y
Mode | Trace X Y Function Function Width Function Value
1 N 10.0 kHz -64.16 dBc/Hz
2| N 100 kHz -93 69 dBc/Hz
3[ N 1.00 MHz -119. 70 dBc/Hz
4] N 10.0 MHz ~138.00 dBc/Hz
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100-GHz LO Generator: Performance Comparison

This Work ISSCC’21 JSSC'19 RFIC'22 JSSC'17 ISSCC’23
g;enqeﬂzzgﬁ f, X5 X3 f f f, X2 f, X4 X3
Frequency (GHz) 86.5t0 105.6 102 82 t0 107.6 76 t0 82 70t0 81 83.3t0 104.7
Tuning Range (%) 19.9% 3% 27% 1.2% 15% 20.9%
PN (dBc/Hz) @100kHz Af -76.9 10 -83.9 N/A N/A -711.7*10 -75.4 N/A N/A
PN (dBc/Hz) @1MHz Af -102.7 to -108.6 -76.8 * -86 10 -90 & -101 *t0 -109.8 -106.5 -98 t0 -103.1
FoM (dBc/Hz) @1MHz Af 187.410 191.2 167.9 175.8t0 177.5% | 182*t0 188.3 187.5 180.2t0 183.5
FoM; (dBc/Hz) @1MHz Af 193.3t0 197.1 157.4 184.4t0186.1% | 179.2t0 185.5 191 186.6 t0 189.9
1/ PN Corner (kHz) 220 to 620 N/A N/A 300 N/A 630 to 1100
Supply (V) 0.7(VCO + Buffers) /0.4 (ILO) 1.2/0.8 0.8 1 1.2 1.2/0.7
Power (mW) 37.5t040.3 8 12 102.7 50 63.7t0 65.5
Core Area (mm?) 0.85 0.01* 0.06 * 0.09 0.6 0.42
Technology 22nm CMOS SOl 65nm CMOS 65nm CMOS 65nm CMOS | 55nm BiCMOS 65nm CMOS

FoM = -PN + 20log;,(f,/Af)-10log,,(Ppc/IMmW) FoM; = FoM + 20log,,(TR/10) * Graphically estimated

%Only 10MHz data are reported. The metrics at 1MHz are estimated by PNgyu, ar = PN @1omz af + 20dB
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Conclusions

 The role of passive network designs Is becoming increasingly
Important

 Three design examples of LNA, PA, and LO generator

 Performance improvement + new functionalities
 Transformer Is a powerful tool

 Equivalent lumped circuit model

6/
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Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Procedure: rigorous approach

Tva (1+0)Coar

y L, (1+)Cyst
' i D——wWW—u

o—T0)

L
Coat

9

Im{Z;.} ~ 0 at wy = solve L,
Re{Z;,} ~ 50 Q at w, => solve L,

* 3variables (L, Ly, and g,,) and two
equations => a family of solutions

Ls gmll— a =

gmlcgdl
Im2 Cgsl

I

S, (dB)

0
-1
5 ~ =
-30
y —w/ 2™ branch,
1—w/o 2™ branch, L =230 pH
454 L =224pH,L_=47pH g |
454 L, PR L AP L, =85 pH
1—w/ 2" branch, Transistor-level
604 Lgl: 224 le, LS:147 pH simulation
30 35 40 45 >
Frequency (GHz)
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Octave-Bandwidth LNA: Dual-Resonant Input Matching

 Design Procedure

800 rrroroT T~ 30 Voltage Gain' Increase
{Increase Cc from30 fF .|~ Ce = 58 fE’ZLOdO: ?_?3 PH, 20 Ce frgm 30 fF to 70 fF ]
to 70 fF, 10 fF per step ; b=20UP SR cbert i~ 10fF perstep -
600 N 104 AN e T .
n \ lll 1“,\\‘ é_l "",::,i': ~T3oCol . GGS
) n “\ J el 0= ":",' : :i <3
_ 104 : E
NIA \\(_s s 'i" Va N "
VA \ -2044# o Su: Increase Cc from
‘\\ ¢ 30fFto 70 fF,  —
TSRS {30 s = 10 fF perstep
0 S A 40 1 Always a resonance at 27/ GHz
10 20 30_ 40 0 70 80 10 20 30 40 60 70 80
Frequency (GHz Frequency (GHz)

e C.issmall = |Z,| s not low impedance around w, = S,; dual-resonance disappears;,

« C.islarge - 2" gain shape move to higher frequency = overall LNA BW shrinks;
» C.=50fF L;=363pH, and L, = 200 pH —> staggered gain tuning to extend the BW; 71



Octave-Bandwidth LNA: Output Network

 Motivation: Broadband Output Network to Extend 3-dB Gain Bandwidth

VoD Transformer-Based 3D EM Model
L Output Network y
P g g
0 :é'

ngl __| ___________
Vi, Lo VB2  Broadband LNA gain - absorb parasitic cap into a
=0 [, 1 E high-order bandpass network
AAAA b
V1 Cgsl_. ] I la e Minimize size = occupy one inductor footprint
% " G =  Single-ended to differential conversion



. R
Octave-Bandwidth LNA: Output Network A
 Two-Step Norton Transformation
Canonical 27-Order Bandpass Series-to-Parallel , Capacitive Norton
Z . I Z Lo Conversion ; Transformation
2 L2 2 - - AR L I’IcC|3|
T o 1 IR P YO
Ci I L1 o Ci I Ly E Cs I %R(l +05) nc2C1I % rll_cl2 nc22 ICs .. %R(l +Q2)
) L"T::':-_'C:__ _Q}(fz_a _____ ] __'_____- ___________ T C . Ca
Insert Ideal T1+Q2 Inductive Norton Mc=—"¢,—
Physical On-Chip Transformer n2k? L Transformer nz  1ransformation
ol "Epfl_k_Z)_ _______ o LG ZSWI‘E, Ls= g " kn NG N T B
! —~ T = o {[[) v~ | € O 00 E I
Cy J_C J_EJ_ J‘C mi J‘sz %RL nchzclj_ ken, Ly : i J'Cs %R(l*'QsZ) J— HCZEli nLLZz % nr|]_|_21 i J—C5 R(1 + Q<)
ev I:I pal’l kZLp ]—: p : ]—: | Cs= Ken:2 I Le = on i : 1: [ 1: n. E Ne Z o i ]—: T
. . e N = v ) TTTLAL T )
CoCamt G 3G &G T =Th

« Key: Realize 2" order band pass filtering with single on-chip transformer
 Series capacitor at the secondary



Octave-Bandwidth LNA: Output Network

’% )
 Design Flow
Step 1: Specify center frequency w,, fractional bandwidth A and bandpass prototype (9;, 9,)
Step 2: Determine required k, upper bound of quality factor Q. < g,/A
Step 3: Calculate L, Cpy1, Cpaar G, @and Z, vs. Qg (low Q, preferred)
Simulation Condition: A =0.6, wo / 21 = 34.0 GHz, w1 / 2 = 25.6 GHz, w2/ 2m =46 GHz, RL.=100Q,n=1.0
800 \ — 100
——0.1 dB Ripple Chebysh .
Network Prototype K \ —05dB R:EEIE Chgbﬁhng = 80 //r
0.1 dB Ripple Chebyshev 049 600- — dBIRiPP'e Chebyshev | = —
—~ — HESSEe +
0.5 dB Ripple Chebyshev 0.47 s — Butterworth x %60
1.0 dB Ripple Chebyshev 0.46 = 100 \\\ ¥ 40- 0508 Riapl Chebysher ]
Sessel 061 _ U% 20' :é.é)sileipple Chebyshev:
Butterworth 0.51 200 | - 0 —lBUtteIWOVt? . ]
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0

Quality Factor Q_

Quality Factor Q_



Octave-Bandwidth LNA: Output Network

 Design Flow

100 ' ' '
1 —Bessel -
. 804 ——Butterworth C
260 VAf
&3 /A% -
&) 0.1 dB Ripple Chebyshev -
20 0.5 dB Ripple Chebyshev 4
1 ——1.0 dB Ripple Chebyshev 1
0 ———
0.0 0.4 0.8 1.2 1.6 2.0

Quality Factor Q_

10%y |
§ ——Bessel 1
4 ——Butterworth
10°4 ,.'/ ,.'/ '/ // ‘,,'/ 1
é /r’ / / //' /
] 0.1 dB Ripple Chebyshev—
—— (.5 dB Ripple Chebyshev—1
10" ——1.0 dB Ripple Chebyshev ]
0.0 0.4 0.8 1.2 1.6

Quality Factor Q_

2.0

400 T Y T Y T
——(0.1 dB Ripple Chebyshev
——(0.5 dB Ripple Chebyshev
- 1.0 dB Ripple Chebyshev
_300 ——Bessel 7
g — Butterworth ]
NE
200
‘\Q:
100
0.0 0.4 0.8 1.2 1.6 2.0

Quality Factor Q_

Step 4: Based on calculations in Step 3, design a physical transformer that can satisfy all the
parameters; if not, go back to Step 1/2, increase Q. or revise g,, g,, or A

Y. Hu and T. Chi, “A Systematic Approach to Designing Broadband Millimeter-Wave Cascode

Common-Source With Inductive Degeneration Low Noise Amplifiers,” T-CAS | 2023.
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Octave-Bandwidth LNA: Output Network

3D EM Model

215 pm

GND Plane

e Minimal ripple vs. commonly used
magnetically coupled resonators

S 45 - -
o0
=2
4 AN
(S
O, ANN
P
(& ] | ! !
: A\
< 30 AN
b
2 N
D 251 - Proposed Transformer-Based Output Network
< 1 = Magnetically Coupled Resonator
C | | |
‘P- 20 I I v I
20 3

0 40 50
Frequency (GHz)

76
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